
(19)B#B#?W (JP) 02) £t H # » ^ ^ (A) 

(51) IntCl.7 

GO IT 1/161 

F I 
GO IT 

#^2000-180550 

(P2000-180550A) 

(43)&BBB   ¥d£12¥6 J130B (2000.6.30) 

1/161 C 

*»# K*«©*10  OL  *BlStfJ® (£43H) 

(21) fflK## 

(22) tMSB 

ftWFl 1-333380 

¥J>fcll*P11824B (1999.11.24) 

(31) «5te»^3SS^   0 9/1 98 787 
(32) «5fcB TJSKUWFHfl24B (1998.11.24) 

(33) «5fc*fc£3&B     #B (US) 

(71) a®A 599165131 

7^U*-&*B */w* 44143, f y 
V-f^—   D-F 595 

(72) 1891*  Sr-fUTA 3M. 
7;AU#-&ffcB sfr/W* 44122. 5"X 
*f#-  Mf, *T-   D-H 3710 

(72)«w# ^XXJP 
7*>J#"S*B *A-f* 44087-2953. 

2928 
(74)ft&A 100066452 

#SI±  A*ffl   # (^2«) 

(54) [JKfiO&M    ML—EMWWWMHtttfBUBWMMlHi 

(57) [fiMl <*IE*> 

( i ) afcttWH*^--*.    (ID ^TCS^^rX^ 
s«v>TJiff**i*ttia©8W^s'^ow«*- 
(i i i) *Lnw7<Dm&&K.&-zHi*xmmr*z-t. 

&&x-*S.tf (ID &XSt&&:tTfr*:m*X%ft 



(2) 

7.<rv7t.   (b) «JJ«4fC»^f ^*«5£-r*^7-y^ 

t,   (c) WJWWS^y^**^'*"*^^5'^^' 
(d) KWVy^tiagv-y^tSg&OSLHffTSX 

ryZft.   (e) *»3®L«»c, «na©tt»vyy*« 

fflU (i) WJfeftiHM^-^fc (i i) 

(f) Wia©«*Ty:7«SJaU ^n 

S ( i) i^TOf-^i ( i i) ^^Tda^^x 

&fit*Jg2 JCE*W>#8;. 

jft8taS^-*£E1tt--5*fc!Jt*;E,J (112) i.« 
Stv^^fEteTSHHt^^'J (14 0) «*^;/ 

ytEitrswaiw^^'J (130) t, 
ij (14 0) *6tt»Vy^©ifetTi9:»*aUT*»V 

7^a«S5E4T5S-^av?i?^ (1 5 0)^T$>o 

TMP^^O-ZIJ^ (150 <t. mxw? 
(13 0) A»6«SIVyy©iWfa**jiUT« 

ST^y^S****^**—^S^** d52) 

<b. tttt^'J  (1 1 2) t^Dyj?^ (1 5 

y^^t'j (130) tcgsis^nfci^ev-y^^ssr-r^ 

gs—X-^JHSISB (i 6 o) t, fomt^'J (ii 
2) b.%--fu*j*.99 (15 0) tirypyif^ 
(15 2) t*»6-«->^;i/*ttab*nKUfc**oTBI 

flfc^'J (140) CEtt*ftfc*»v-^€K«T* 5i 

4553 2 000-180550 

2 
JR-?*—*«1H«B (17 0) t. ftJtVy^Stttt 

(3 10) tS$trcfct«r*fr*BfflH«»'«* 

B. 
[K*JS7] E«8»»rffiIBA^SGS (10) tfttEfis 

x-*£E1girsefi&^'J (114) ts&K^tr. 

[«**8] f-f-^ffllSfa (16 0) **, M«V 
(13 0) cB*snt»«vy^*JEit 

stt, eat^u (i 14) *^t)*fc-y->^affl 

MI#JH9] EE*IW«fflliI«»'«SB (10) lc*tt# 

tltl-tl/t'J (12 0) £*>£/i#2K S£—5*—^ 
MSgfi (16 0) **, ^■y/'/t'J (13 0) tc 

e**nfc«*^*7*HtfT*&*. #JB**»J (i 
20) *»6t»*fci*->^»HJU. tnct)*&a^> 
TS«rT^)rt*« 7 Xtt8 lcE«c©Effl®#^^^B. 

o] esi/^u (114) tcEitsnfc&tfc 

[i£^©f¥*fflfti»i§S] 
[0 0 0 1] 

h>ttltt|-*a« (SPECT) tBftt*/5CHI 
UT»*offl**Am-r<o"tf. wti-tnicHfcUTESB 

ET) R^a^feft^^^^n^fciBSsti^^. 

otewaffiffljftict>»iJfetft>©-e** - *ttg»sn& 

[0 0 0 2] 

fMPictofcoT. m-mvi74»9 

(i. ^MT-SSfcfetcn^otc^s^lt^^^ti^^ 

[0003] cc»cffi*f*Siiatt. wifrtcftjffl^nrc 



(3) 

3 
g^©^ASC&&5gV>£<taM&E§#6nT^-S.. 0 

i *awirr*t> &*mn-°sffl£&±<t <ML - EM> 

«5£X«<S^e». SUB©*? h3&«AXttK«0tt*n 
a. c*x<=>cD&S2«;fc^-e ruES^j -o^DW^bfc-fe 10 
•y hiit&^n*. -j£©ftfrSBfcbfc£# (BPS. 

KBrbTSB©*r«-fcv Hfcflss. Rg^lC, 

[0 0 0 4] H2 6>It5t. BB^fl'XttBBff 

»*K"3HTR»©*B <«*.«. ^» &£> 20 

£$tr;i<i:T-;fc-5. -»M»c. n*ittfflJiJ«©BWttSt 
#*t>fc6-r!il*jftifi*T»*. b^b. — O®B& 

«6***»Xtt»RSO*a«S**»A"r*. 3 SIC. * 

[0 0 0 5] 03S#It5t. agyy^i^CR 
«)««cSSc*»*-H^"P**. BBWttKBB"*-** 30 

[0 0 0 6] 0 4 £0Bf * i. ? 7P^*««C 

fls&nTSBJfcfcttBJB^S***^*' «A»«CJt*W 

T**. -HSMIC #HT?*IB*rBfcB»Vy:/*BB 40 

0. ^nntCttttTS/'f X*«lMtVy:/©WBBKB 
ASn-5. 8iJ09|BIB». WSE^y^WtHOfcfeffl^se 
aiJftBx—^ttfflBSft. ■^nJc.tDjaS^-yycoSH 

b <fc o if *H«fiH«SBB£#ft*" * - £ 

[0 0 0 7] BJgBSVy ^©Bl^lCfcttSCinSWB 50 

5tB8 2 000-180550 

4 

jwoatsswsfcf ss&Bifc-afc. WT»yt 

fftta«-MK:aHrrsicja#fc^. a SKI. £©iig 
tt. teMSttffiiieSfctttS. iSMfitfffii© 

[0 0 0 8] *fTaHSOS6«w»J«)XjiSitt. BBS** 

[0 0 0 9] 
[RBa*«ftbJ:"5if *BB1 *BW»i. ttttff-ffSE 

ffi K *3 »t -5 MfittlE £ *5 C fc 5 fc * CD 8r«&fl5 £ S * b 

[0 0 10] 
[KB*»j*T-5fc«e>w#©] *%^co—ffifflicbfert* 
5t, 8t»5r-*fe$e£f **wffiBBf&«BBiBB 
bTfflv>*fci&<8ML-EMBBWBj£©^feWl#2 

n*. *2fiStt. BJ£tt»JaB7*-**W^* 

*««b. BOilbMBf *. BOiBbfclc. MBOlfc 
jtvy^*«fflb. *n* (i) wjfeSMtaBT*-*. 
(i i) ^TcS^^^i/^ffl^THtf^nfcffrnios 

^7 7^©«S^, Rtf (i i i) tt£'?7 7«>?9tt£ 
JcS^f 1>TWW* d tic J; 0 SS:Stv >y y^Sth^T 
5. ifc, laoilbfltic. satlcDMfi-7-yy^^fflb. 

^ti* ( i) HJ&MtSB^-*. Rtf (« i > *^5£ 
fiB^E^USffl t»T Bff StifcBB©       » y©SS 
»ici^i>Ti«ts z. ti tz «t o     y zf&mmn? 

•5. 
[0 0 11] *56B80S'J©WBlCbfc*«5i:. ^n^ffl 

BB^ % U aWMtv y ^«EBb. Mfi^ y ^> =& 'J ^ 



5 

[0 0 1 2] 

*tt»c*s^Ttt. suteaaa***. 

y©ftK*«ek#*na. ^n«. lot, jtawiEfllfi 

[0 0 13] B«l>*j8I*M«Bl Oilt -ASM 30 

[0 0 1 4] 0 7^#BgbTB¥Stt-r*<i:. «7i?W*Jt« 

xnm&PuzicTLx&mikisbz?z&mm&ftto 12, 40 
£^Ttf#>^ •A^XttSPECmvtTW. 

jrr*. ®*E#>HJ 1 6«. tt«#fivtxnffiiffl 1 8 

-oeu:<o&m§§ • ^> H 2 ojwate#> H 

a. • ^»      0«liie^>b,J 1 6lC«0ft» 
f,nt. tt^f sitAn^ra 1 8 (Rtpew+K^-ixt 

$$H2 000-180550 

6 
,T@6t4. f^SaitC^/toT. &fflS§ •       H2 Oii 

-5. 
[0 0 15] &Wi§ • ^> H2 0<D#*ti. «»«filt 

An^FWl 8lC®LT;K&t*§i§m®£WU utlliA* 

-c®«<B*t tenser a. »«ia»**«ia3t©x. y&s 

(i) ftttW»**SS«bfcftHHB • HoffiB* 
glRtf (2) #**©x*;i/^£«:*TUl^ffi#*^^' 
*. :OI^MB. #»itws&®. i?aR^-^«m 

9J. RtJfy-fX|»*KIBV>6n«. 

-2). 
[0016] ewe. &ms§ • 'NV H 2 0 tc«. ^ 

[0 0 17] -0£J[±0«»««3 0^. ^ffiS • 

soesfcttw*'. «gw*itxnffiiiBi 8©R»«K* 

*»*S«aa» • H2 0<O^€:|6]€^ntcJ;0Stt^ 

^BIS- OlcmfflLfcnU*-* 2 4fcL 

±. eafcR»**3U/-H-r*. -ti«wt>«. taw 

[0 0 18] 5f2§^SS0i]tc*3^-C. 4Sc8t$S®3 0 «. * 



(5) 

7 

[0 0 19] iT^It^i:. BI^fef^JsKf^^CD^^liC 

&S2x-:*#, B^jaaSB 1 0 0 SrSTS#i*£rt©4k 10 

^-^©S WE*. Wrb'-A. Rtf 

T«r»a. ttssRt, — -z>$k±.<Dfcm)ik$$m.mz o^e 20 
(Deit^WiSS^'b. «*.«SPECT**ir?-©1*ai» 
^7K2 0l:<tf). §W«t5. ejUX^r 
ffbx. ai^eaisflj^-^sR^-r*. b*>u 

ea&x** 7-^-2oo# 

1 0. 2<=>lCf£b<te. »J6r**Jt^*U 1 1 2Rtf 
fi&^u 1 1 4tc. fatgsn*. 
[o 0 2 0] gjts^x-^^iRm^n-scne^JJ- 30 

fciri-n*. jUSfSjlS^x-^Sr^-niw^bTffFfifiRn: 

RX^U 12 oicEts^n^. 

[0 0 2 1] S*j«ag©*—WDfiboiMBfcSfco 
x. *«vyy/:E>jR^iiiit^*U'tn-€fnofft3effl[ 

BP-^SS—wmm^nn^y^^^v 1 3 ORI/IB^^ 40 
U 1 4 0 ten-KbTtn^SlOffifttS. MSv>>y 

—MS® <fc    ft «-t* o ic «t 9    tc      (t 6 *i *. 

IS—WflMWHi**. 
[0022] ««i«iaa«>*»oiib*ffl»r>T. 

9 1 5 O^iUfSt^^U 1 4 0©«f (CSSte^tlfc 
WflBttl*Vy?£WS»&tf/XttftfT^LT-*<BS 50 

$$G3 2000-180550 
8 

&is£&*. mwz. r/oyii;? 15 2*««»v 
1 3 0©«f JcBEtS^nfcMgv^^&SS^ 

•30SMt«l:6HT. I-t^r©^^!?^ 1 5 0 
115 2#fflv»*a»:e5ijnira—Tttfc^. tt*>o 

•5. JB—x-^fflS^B 1 6 Ote. &iftDSb»{CilSS 
7y^tU 1 3 0<D*©M«^<;/7£®grb, tg^x 

-^MSgai 7 oii. &mz>iibfticists^^u 1 4 

[0 0 2 3] ^—x-^^g^E 1 6 Ote. KriaiBttb 
fc^SV^^SrMS^^^^^U 1 3 0^<bSrt#b#$C 

SSWcfc^T. -troB^Kte, (i) ifcW/^'J 112 
^©jBaj&fcSt&i&x-*. Rtf (i i) •fu*?3L99 
1 5 OSriSTffa^^tl-Siii^^^'J 1 4 OtCffitg^n 

SB—r-* jaggs 1 6 o#. itit^tu 11 2*»6-y 
>7Ml/£J$tHb. zfuVx.99 1 5 o*^e^n*tti^ 
bT. M«v^^#JEfr^^fi£b. *^T-rti€r«« 
7 5,y>tu 15 OJCSD—H-T-5. *i«aagfiif^tco 
ViTtt. aUSfsilS^x-^liffifflb^^. LttWv 
T. ejHS^x-^^IX^b^^T. ^ti(cj;0ffi®ffl: 
$S/htcb««M1SS«tt*6«t-*«>*W®-e*-5. ffi 

teUffgwfca^-^-^&SgBl 6 O^*0®*^ 
1 1 4*^-y->7p;H4UJ$n*. JDAT. 

i#P^^iJ 1 2 0 7^6©#.B.Sei£&S2;b£/i^S^ 

[0 0 2 4] ft*«R^«iBlli^3R*OS«le)EK:*i''4 

T. ^—x—^JQSSBl 7 0«. H^KS^T 
SfWS^x-^^lgfr-rSo CtlbCOH^ictt (i) n 

SiSMfi^f-^.   (i i) 89038*1*^f^©ffS®. 
Rr/ (i i i) ^fiT-yyco??^. ^^n^. S¥2tt 

*«. StS^^^'J 112. S-7Pyi?^ 15 0, Rlf 



(6) 

L-fcx-^lcS^T. S-T-J'ffllgEl 7 Ott. 

4 0Otl:D-HLI1". ddTfcS/t. 35—x—*M 
3SSB©«UH©IMBHKHtt, ■bot»*W**5!TfitT 

[0 0 2 5] fii|Sl«SIDjlL7&^7-r«.<i:. tf*fi«S 

55ijj£§«-f£. k'^tfa&giifi 3 0 Oteifc^-C^nS:, 10 
fcfx*^—^ 3 1 OXte-?-CDtewSW«j:Sgt3£BCDJ;-3 

[0 0 2 6] Btk&9£tBl 
0 0O#ffllJ£<T©I0T*5. fcSIDiSLML-EM?? 
«j«tt, *SS:©-*«i:^v>T©S«»ffiTa65e ' 

rat. nmmz. -&%(DMm~m^<. 
af-CteitfiSSStfr. iIL££f#oT^S. ML — EM7 

Wfta^tCt). #RI§l©»Dj6L-©», ML — EM7* 

2000-180550 
10 

[0 0 2 7] ;i©*£9£L7Jl<:*UXA©5&fil3<}&t£S3 

Stli. JUTFtC&^T, Pttt i Sx^^&EfC&tt 

#^3£fBI-tt / -1"-5COT. g-j&dgfiiic 

i-i 

;;r, A t ,1* i #S«lcHr*HflM1sJ«B*lll!T* ML - EMff«l^cOh#SMI0 jgLK:*3tt<5#?-fe 
-5. JUk©4'©fel*^FlcofFffiffl<i:LT$)e.t)-r«i:. (h 

[0 0 2 8] dCO^Tg^CO— ^*<dCOt€ra*H»f^ + 1) #B«0£LK*tt*ML - EMfftfttttSfcStT 
^f^Tfes. fk

(6' («clt-7-yycDk##^-fe;u)  sss30 ^A^ns. 

(1» 

in 'Jti At 
4 

-in 
rUO (2). 

★ [0 0 2 9] P ETSIMWCO^TCO^illWifiJi 

P. = A t. £ mkiFfcexp(- E cji^i)+ni » i -1 M 

k-1 J 6 Jrk j 
(3), 

:CT, Mitt. inWr?-;/Xco i #br?-t;KZ)#§iI!MS 

7hNun mm-^mmn (F„ P.) IC^UTN, 

= [pixel] |m,i*0) T-^A^n-S.. ggM^ftlCtt. 

1 

^tl&W.? ifi7±)l<D±y HT$5. *tt (Fk, M,) 

CDffPffiffi (fk. M,) tt. W,~"r-Z&W 170* 

3 ~ i v 

i 

(4). 



(7) d^m 2000-180550 

11 12 

Eexp(-E"rcii)c.iE^
,»Bl 

, ,<h*i>_fJ<i>>   i x   i . 2  (5), 

-e-'n^gxs: (4) <t (5) *^tt*t*#offl-ffs*fT 

P. = Ati£ »kJF4exp(- £ c^pj+a, , i = l * (6) . 

U*U SPECTtOWts-FNul*. EISIC^T £OM«7*=fUXA«««to«. 

, P^exp(-JE
p"'e«) (7)! 

fcm.m«ae«rtt*scT#A ens, 

(7) £ (8) *6H«fcWf«>«»*«M-«. Wl»tteav^ffl»lCtt^Tl«*»JJft*. PE 

[0 0 3 1] PET*M«lCOV»TO«IMt^WWt TtCOV.Ttt. I«)ifeiSW^^bnS 

(9), 

[0 0 3 2?f PfcT^fe* T««Wi*Wi IWSPECTKBt«*^tPJ«T 

S P E C T(CisttaSW? y ^KMT*K«iWr *. 



(8) 2000-180550 

13 14 

(10). 

ess*?. js-Rtfrn^-r-^aasse i e OR# i 

[0 0 3 3] 

ffliElCgBLTiaiLfcll^J^fJ^W—ML-E 

ifi«"r***7ca»:t5*;i'©*Rffl"c*s. »]©«£»*. 

[0 0 3 4] 

[01] ^fefffiHBtbfcjWi. ftMML-EMBM 

[02] jifeffaiRcbfc*1^. *«MiMi*au8"*"*Aai 
MM L - E MW i^sof^ffl s^-rssniaT**. 
[03] 5feffa«KUfc3»«5. AI«K«41/fc«t^ 

S(tn0T&£. 
[04] ftffawcofca^. *3e(5jaHsw5*-4'*»5* 

L-EMU 

DML — EM 

* SStbJ Lfc^gV y y^SMT5«MM L - E MBit* 

a cDf^ffi & sr ssn 0 T $> 5 o 
[05] *%BJ(D<ffJffitCbit^P. 

10 $^ft«f£ffl£*TEfitn0T$>£. 
[0 6] *^W#J®tCL^^-5. 

«^fi£&OftUB£ST«tn0T&S. 
[0 7] ^^OffliJffilCbfc^oT. ML-EMBi^ 

[08] *56MO«9ffiKbfc*<-3T, SPECTT-^ 

ST 

20   10 —E«fcKJBlB*WBJ5*81H 
l 1 2-#t»*;f='J 
1 l 4 U 
1 2 o •••#!« 
1 3 O-MS^-y^^B'J 
1 4 O-H&y^'J 
1 5 0 --Ml— 
1 5 2-^7"Dyi^ 

1 6 0-^-f-?li8i 
l 7 o-Sr:f-?Wl 

30    16 O-S-f-J'ffiigE 
3 1 O-g^Pl^X-fXyU- 

[01] 









(12) 

[H7] 

4$E3 2 000-180550 



4$B3 2 000-180550 

[Document Name] SPECIFICATION 
[Title of the Invention]    Method of ML^EM image reconstruction 

and medical imaging apparatus 

[Claims] 

1. A method of ML^EM image reconstruction feruse in connection with a diagnostic 

imaging apparatus that generates projection data comprising: 

(a) collecting projection data including measured emission projection dale; 

(b) assuming an initial emission map; 

(c) fjffiwwing an initial attenuation map* 

(d) iteratively updating the emission map and the attenuation map; 

(e) with each iteration, recalculating the emission map by taking a previous 

emission map and adjusting it based upon: © the measured emission projection data; (H) 

areprojection of the previous emission map which is carried out with a multi-dimensional 

projection mo del; and Q£) a reprojection of the attenuation map; and 

(f) with each iteration, recalculating the attenuation map by taking a previous 

attenuation map and sdjusmig h based upc^ ©them 

<H). the reprojection of the previous emission map which is carried out with the multi- 

dimensional projection model 

2. A method as claimed in claim 1, wherein the step of collecting projection data 

further includes collecting measured transmission projection data. 

3 . A method ss dsimedmclsim 2, wherein the adjustment to me pilous attenuation 

map in the recalculating step is also made based upon the measured transmission projection 

data. 
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4. A method as claimed m daim2 or claim 3r wherein the step of ^n^^j p^j^tf^ 

data further includes collecting a blank get of transmission projection data which la 

collected without a subject present in the diagnostic imaging apparatus, and the adfrstmmt 

to the previous attenuation nap hi the recalculating itep it also made baaed upon the blank 

set of transmission projection data. 

5. A method as darned inany one of claims 2 to 4, wherem the measured transmission 

projection data Is truncated. 

6. Medical imaging apparatus for reconstructing image representations of a subject 

being examined therewith comprising: an emission memory (112) which stores measured 

emission projection data from the subject; an image memory (140) which stores mission 

maps; an attenuation map memory (130) which stores attenuation maps; a first projector 

(ISO) which generates emission map projections via fbrward projection of the emission 

maps from the image memory (140), said projector (150) using a first muMHfimenatooal 

projection model; a second projector (152) which generates attenuation map projections via 

forward projection of the attenuation maps from the attenuation map memory (130), said 

projector (130) using a second multidimensional projection model; a first data processor 

(160) which samples the emission memory (112), and the first projector (1S0X and in 

accordance therewith updates the attenuation maps stored in the attenuation map memory 

(130); a second data processor (170) which samples the emission memory (112), the first 

projector (150), and the second projector (152), and in accordance therewith updates the 

emission maps stored in the image memory (140); and a human-viewable display (910) 

which renders reconstructed images representations of the subject from the emission maps. 
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7. Medical imaging apparatus ts claimed in dam 6, further comprising: a trsnrrmwm 

memory (114) which stores measured transmission projection data from the subject, 

wherein the medical diagnostic imaging apparatus (10) collects said transmission projection 

data. 

S. Medical imaging apparatus as claimed in claim 7, wherein the first data processor 

(160) also samples the transmission memory (114) when it updates the attenuation maps 

stored in the attenuation map memory (130), such that the update is also made in 

accordance therewith. 

9. Medical imaging apparatus as claimed in claim 7 or dairn 8, fiirther comprising: a 

reference memory (120) winch stores transmission projection data from a blank run 

performed without the subject present in the medical diagnostic imaging apparatus (10X 

wherein the first data processor (160) also samples the reference memory (120) when it 

updates the attenuation maps stored in the attenuation map memory (130), such that the 

update is also made in accordance therewith. 

10, Medical imaging apparatus as claimed in any one of claims 7 to 9, wherein the 

measured transmission projection data from the subjected stored in the transmission 

memory (114) is truncated. 
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[Detailed Description of the Invention] 

[0001] 
[Technical Field to which the Invention pertains] 

The present invention relates to imaging using image reconstruction of emission dm. It 

finds particular application in conjunction with single photon nmiintoP computed 

tomography (SPECT) and nuclear cameras, and will be described with particular reference 

thereto. However, it is to be appreciated that the present invention is also amenable to other 

like applications including, but not limited to, positron emission tomography (PET) and 

ultrasound tomography. 

[0002] 
[Prior Art] 

Attenuation correction is ROW an integral part of nuclear medicine image reconstruction. 

Several techniques have been introduced over die yean, ranging from simple analytical 

filters to elaborate transmission devices, to obtain an object-dependent attenuation map. 

Often, fa analytical correction, assumptions are made that are too restrictive to be realistic 

Object-dependent attenuation collection based on emission data only is an attractive and 

theoretically sound alternative, but not ready for large scale utilization. Finally, techniques 

baaed on an attenuation map constructed from measured transmission projection data, while 

a popular approach, suffer fiom very poor statistical quality. Moreover, current techniques 

for reconstructing the emission data are sensitive to this noise. Additionally, the collected 

transmission projection data is often truncated. 

[0003] 

The approaches presented herein are a departure from previously available techniques In 

order to appreciate the difference, it is helpful to examine previous techniques. 
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h is usually recognized that iterative methods lend themselves easily to the rntroductioij of 

additional correction fketers such as attenuation. With reference to FIGURE 1, the basic 

concept behind iterative methods, such as maximum likelihood expectation maximization 

(ML-EM) reconstruction, Is to find the object (La, image or emission gup) fbr wifich a 

mathematical projection produces results comparable to the set of measured emission 

projections. The ML-EM reconstruction algorithm is one such engine that allows the image 

to be found in an efficient manner. From an initial guess or assumption, a set of projections 

is artificially created by a projector employing a projection model. These projections are 

then compared to the "real" or measured set When certain conditions are mat (Le.a whan 

the projections of the emission map are sufficiently close to the measured emission 

projections), the iterative process stops and the cuxrent image is the best possible 

representation of the object, otherwise, the initial guess is updated and a new set of 

projections produced. Clearly, the projection model employed is an important part of the 

projection operation. However, an accurate projection model can be complex and detailed. 

[0004] 

With reference to FIGURE 2, one way to improve the "realism" of the projection model or 

the update operations is to include a priori information, Le,, what is already known about 

the object (e.g., hs contour, texture, and so forth). In general, this is a powerful tool that 

offers dramatic improvement of the reconstruction. One caveat is, however, that this 

information needs to be real In other words, if a priori information »true or accurate, it 

helps the reconstruction. On the other hand, inaccuracy tends to inappropriately bias the 

reconstruction or otherwise introduce unwanted artifacts. Moreover, in practice, it is 

difficult to find non-trivial characteristics of the object to be imaged that are always 

accurate. 
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[0005] 

With reference to FIGURE 3, the attenuation map is certainly one element that can hdp the 

reconstruction. Information pertaining to attenuation characteristics can be generated 

artificially for simple situations (e,g, uniform attenuation, symmetrical attenuation, etc). 

In general, however, inaccuracies can be introduced by suggesting attenuation features that 

are sot true and/or not object specific. 

[0006] 

With reference to FIGURE 4, it is significantly more advantageous when the attecneflon 

map is constructed for each object and used directly in the reconstruction- Often, the 

attenuation map is derived from measured transmission projection data. This is the basis, 

of most of the modern nan-uniform attenuation con ection devices. However, the problem 

with this approach if statistics. Typically, in order to define a usefal and usable attenuation 

map, many counts are needed. In practice, however, the definition of the attenuation map 

is count-limited, and the inherent noise associated with it is transported into the 

reconstruction of the emission map. Another problem is that often the transmission 

projection data used to derive the attenuation map is truncated thereby resulting in a 

degraded attenuation map. In other words, a poor attenuation map can actually degrade the 

image it aims at improving because of a lack of counts and/or a truncated transmission data 

set 

[0007] 

These limitations in the acquisition of the measured attenuation maps have provided the 

motivation for investigation into different techniques. It is generally known that the 

emission data contains information from which theoretically the attenuation map could be 

reconstructed. Such reconstruction methods are referred to as sourcetesa. In Act, each 

point in the object can be considered as a transmission source, and the observed intensity 
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at any given point on the detector can be compared v&h the expected intensity without 

attenuation. Unfortrmaarfy, due lWtsffans„ »it?h M th* IttmtH rm^^r of counts in th» 

emission map, the relationship between the emission and attenuation maps can only 

partially be established. Moreover, then is an intrinsic mabiEty of the process to 

differentiate between a low activity, low attenuation condition and a high activity, high 

attenuation condition 

[0008] 

Yet another drawback of previous techniques is that they tend to employ only a linear 

projection model That is to say, they merely account for those events that fie along a 

smgnltr path or line from the detection bin to the activity. Such projection models are not 

adapted to account for scatter ox collimator resolution which may a detector 

bin to detect photons from off-line sources. 
[0009] 
[Problems that the Invention is to solve] 

The present invention contemplates a new technique for providing attenuation correction 

in emission computed tomography. 

[0010] 

[Means for solving the Problems] 

In accordance with one aspect of the present invention, a method of ML-EM image 

reconstruction is provided for use in connection 'with a diagnostic imaging apparatus that 

generates projection data. The method includes collecting projection data including 

measured emission projection data. Initial emission and attenuation maps are assumed and 

iteratxvdy updated. With each iteration, the emission map is recalculated by taking a 

previous emission map and adjusting it based upon: Q) die measured amission projection 

data; (U) * reprqjection of the previous emission map which is carried out with a multi- 

dimensional projection model; and, 02) a reprojection of the attenuation map. Also, with 
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each iteration, the attenuation map i* recalculated by taking a previous attenuation map and 

adjusting it based upon: Q) the measured emus on projection data; tod, (n) the reprojection 

of the previous emission map which is carded out with the muM-dimensional projection 

model 

[0011] 

In accordance with another aspect of the present invention, a medical diagnostic imaging 

apparatus for reconstructing image representations of a subject being examined therewith 

is provided. It includes an emission memory which stores measured emission projection 

data from the subject An image memory stores emission maps, and an attenuation map 

memory stores attenuation maps. A first projector generates emission map projections via 

forward projection of die emission maps from the image memory. Likewise, a second 

projector generates attenuation map projections via forward projection of the attenuation 

maps from the attenuation map memory. The first and second projectors use first and 

second iuute-c5meniional projection models, respectively. A first data processor samples 

the emission memory, and the first projector, and In accordance therewith updates the 

attenuation maps stored in the attenuation map memory. A second data processor samples 

the emission memory, the first projector, and the second projector, and in accordance 

therewith updates the emission maps stored in the image memory. Finally, a human- 

viewable display renders reconstructed image representations of the subject from the 

emission maps. 

[0012] 

[Embodiments] 

Ways of carrying out the invention win nw be described in detail, by way of example, with 

reference to the accompanying drawings. 
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With reference to FIGURE 5, the basic flow of a souroeless ML-EM reeoiistruetion Is 

accordance with the present invention is illustrated.  A medical diagnostic imaging 

apparatus 10 (described in greater detail below) generates emission projection data. Inthia 

embodiment, the transmission map is reconstructed from emission data only. Lack of a 

transmission scan reduces the patient's radiation exposure. Moreover, in a preferred 

embodiment a multi-dimensional projection model provides a more accurate reprojection 

of the emission map. With reference to FIGURE 6, the basic flow of a source-assisted 

reconstruction is illustrated which is a flirther adaptation of the aourceless reconstruction, 

In this embodiment, the medical diagnostic imaging apparatus 10 also generates 

transmission projections. Source-assisted attenuation correction combines the benefit of 

the real transmission measurements to the stability of the analytical sourceless approach. 

In this approach, the measured transmission projections, however statistically poor and/or 

truncated, are used to stabilize the analytics! approach and force the attenuation map and 

the emission map to be independent The transmission information and emission counts 

are combined to form an image of the attenuation map. The result is improved quality in 

the attenuation map. because the emission data is used to "assist" in its reconstruction. 

This, in turn, improves the reconstruction of the emission map in terms of quantitative 

accuracy. 

[00131 

The medical diagnostic imaging apparatus 10 u geoeralty any iwclear medicme aeanaer that 

produces scintigraphic images, for example, SPECT scanners or PET scanners. An 
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appropriate device is one that detects and records die spatial, temporal, tad/or otter 

characteristics of emitted photons. 

[0014] 

More specifically, with reference to FIGURE 7, in an exemplaiy embodiment, the 

^agnostic rudear Imaging apparatus or tcarmrr 10 is a gamma camera or SPECT scanner 

including a subject support 12, such as a table or couch, which supports and positions a 

subject being examined and/or imaged, such as a ph»ntnm or patient, within a subject* 

receiving aperture 13. The subject is injected with one or more radiopharmaceutical or 

radioisotopes such that emission radiation is emitted therefrom. A fint gantry 14 holds ■ 

rotating gantry 16 mounted thereto. The rotating gantry 16 defines the subject-receiving 

aperture IS. One or more detector heads 20 sre adjustably mounted to the rotating gantry 

16 with varying degrees of freedom of movtmeot Being mounted to the rotating gantry 16, 

the detector heads 20 rotate about the subject-receiving aperture 18 (and the subject when 

located therein) along with the rotation of the rotating gantry 16. In operation, the detector 

heads 20 are rotated or indexed around the subject to monitor radiation from a plurality of 

directions to obtain a plurality of different angular views. 

C0016] % 

Each of the detector heads 20 has a ratEaiion-receiviog fkee facing the aubjecfc*eceMng 

aperture II that includes a adntflladon crystal, such as a large doped sodium iodide crystal, 

that emits a flash of light or photons in response to incident radiation. An array of 

photomultiplier tubes receives the light and converts it into electrical signals. A revolver 

circuit resolves the x, y-coordinates of each flash of Kght and the energy of the incident 

radiation. That is to sayT radiation ***** the scintillation «yw^T cmntog thff ftrfntffl^on 

crystal to scintillate, Le., emit light photons in response to the radiation. The photons are 
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cfiractad toward the photnrmiltrpficr tube*. Relative outputs of the photonaJtlpIler tubci art 

pnxwedaixlcoirtcttdtogtnanitcinou^ signal indicative of (1) a posmoii coordinate 

on the detector head art which each radiation event is received, end (2) an energy of each 

event The energy a used to differentiate between various types of radiation such as 

multiple emission radiation sources, stray and secondary emission radiation, transmission 

radiation, and to eliminate noije. An image representation is defined by the radiation data 

received at each coordinate. The radiation data is then reconstructed into an image 

representation of the region of interest 

[0016] 

Optionally, the detector heads 20 include mechanical collimators 24 removably mounted 

on the radiation receiving feces of the detector heads 20. The collimators 24 preferably 

include an array or grid of lead or otherwise radiation-absorbent vanes which restrict the 

detector heads 20 from receiving radiation not travelling along selected rays in accordance 

with the data type being collected (Le., parallel beans, fan beam, and/or cone beam). 

Alternately, for example, when operating in a coincidence mode, the collimators 24 may 

be omitted. 

[0017] 

On e or more radiation sources SO ate mounted across the subject-receiving ap erture 18 flora 

the detector heads 20. Optionally, they are mounted between the detector heads 20 or to the 

radiation receiving faces of opposing detector heads 20 such mat transmission nufiation 

from the radiation sources 30 is directed toward and received by corresponding detector 

heads 20 on an opposite side of the subject-receiving aperture 18. In a preferred 

rmhoriimrnt, the collimators 24 employed on the detector heads 20, in effect, collimate the 

transnriidon radiation. Hiat is to say, tbe collimators 24 restrict the detector heads 20 from 



(24) #gJ2 000-180550 

receiving those portions of transmission radiation not travelling along raye normal (for 

parallel beam configurations) to toe radiation receiving faces of the detector heads 20. 

Alternately, other collimation geometries are employed aod/or the coffimation may take 

place at the source. 

[0018] 

In a preferred embodiment, the radiation sources 30 are moving point sources each 

traversing the length of the respective detector heads 20 to which they correspond 

Alternately, line sources are employed such as, e g, thin steel tubes filled with 

radionuclides and scaled at their ends. In other embodiments, the radiation source 30 are 

bar sources, point sources, flat rectangular sources, disk sources, flood sources, a tube or 

vessel filled with radionuclides, or active radiation generators such as x-ray tubes. 

Alternately, one or more point sources of transmission radiation may be utilized. 

[0019] 

With reference again to FIGURE 7. the running of an Imaging operation includes an 

iterative ML-EM reconstruction technique wherein emission projection data is 

reconstructed via an image processor 100 into an image representation of the distribution 

of radioactive material in the patient Of course, the reconstruction technique implemented 

varies slightly in accordance with the types of radiation collected, the types of collimators 

u»ed      fan, cone, parallel beam, and/or other modes), and the diagnostic imaging 

apparatus employed. In any case, enuision radiation from the patient is received, for 

•wnple, by the detector beads 20 of the SPBCT scanner, and measured emission projection 

data is generated. The measured emission projection data normally contains inaccuracies 

caused by varying absorption or attenuation characteristics of the patient's anatomy. 

Optionally, a transmission scan is also performed such that transmission radiation from one 
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or more of the transmission nrfistion sources 30 is also received, for example by the 

detector heads 20 of the SPECT scanner, and measured transmission projection data is 

generated. However, the measured transmission projection data is often noisy and/or 

truncated Where a transmission scan is performed, a sorter 200 sorts the measured 

emiiMinri tnd transmission Flection data on the basis of thair relative energies. The data 

is stored in a measured projection view memory 110, more specifically, in a corresponding 

emission memory 112 sod transmission memory 114. 

[0020] 

In those instances where transmission projection data is collected, a pre~acan blank run it 

performed to collect a baseline or reference with which to evaluate and/or compare the 

measured transmission projection data against. In the blank run, the scanner is used to 

p erfbrm a transmission scan without the subject present therein such that a blank set of 

transmission projection data is collected. In a preferred embodiment, this data is stored in 

a reference memory 120. 

[0021] 

In preparation for the first iteration of the reconstruction process, sn attenuation map 

memory 130 and an image memory 140 are initialized by loading them with assumed or 

first estimate! of the attenuation map and emission map respectively, The first estimate fhr 

the attenuation map is optionally characterized by a uniform attenuation value inside a 

predetermined contour which contains the subject and zero outside the contour. Likewise, 

the first estimate for the emission map is optionally characterized by a uniform value inside 

the contour and zero outside. Alternately, the availability of additional a priori information 

allows for more accurate first estimates. 
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[0022] 

With each iteration of the reconstruction process, a first projector 150 reprojects and/or 

forward projects the estimated emission map stored in the image memory 140 to obtain 

projection views thereof Likewise, a second projector 152 reprojecti and/or forward 

prqjects the atfrrasfion map stoned in the attenuation msp memory 13 0 to obtain pro}ection 

views thereof: The projections are performed using muM-dimenaionai projection models. 

That is to say. the mulri-dimensional projection models account for radiation from multiple 

directions, as opposed to merely linear models that only account for radiation travelling 

along a singular direction. In a preferred embodiment, the projection models account for 

any one or more of the following: scatter, the geometric point response (resolution) 

associated with the imaging apparatus, randomness corrections which account for random 

simultaneous photon detection not resulting from the same annihilation event in PBT 

applications, and/or cross-talk due to changing photon energies.   In at least one 

embexfimant, die projection models used by the first and second projectors 150 and 1S2 are 

not the same. Alternately, for some applications, identic^ pixgection mcdeb are engaloyc^ 

A firat data processor 160 updates the atfcmi ation maps in tho attenuation map memory 130 

with each iteration, and a second data processor 170 updates the emission maps in the 

image memory 140 with each iteration. 

[0023] 

The firat data processor 160 recalculates the attenuation map by taking a previously stored 

attenuation map from the attenuation map memory 130 and adjusting It baaed upon a 

number of Actors. In a preferred embodiment, employing so called sourcelass 

reconstruction, the fectoxi include: (0 the measured emission projection data from the 

emission memory 112; and, (U) * reprojection of the previous emission map stored lo the 
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image memory 140 which U rcprqiectfid via the projector 150. More specifically, the first 

data processor 160 samples the emission memory 112 and the output projection views from 

the projector 150 to complete each update of the attenuation map which if then reloaded 

into the attenuation map memory 130.   For source!ess reconstruction, measured 

transmission projection data is not utilized. As such, it is preferred that transmitting 

projection data not be collected to thereby minimize radiation exposure and reduce 

mechanical complexity. In an alternate embodiment, employing so called source-assisted 

reconstruction, in addition to the above, measured transmission projection data (optionally 

truncated) is also incorporated with each update of the attenuation map.   In this 

embodiment, the measured transmission projections are also sampled from the transmission 

memory 114 by the first data processor 160 Car each update or recalculation. In addition, 

baseline or reference transmission projections from the reference memory 120 are also 

taken into account. A detailed trrount of the first data processor's operation is given below 

in mote mathematical terms. 

[0024] 

In both sourcdess and source-assisted reconstruction, the second data processor 170 

updates the emission map based on the same ftctors. These actors include: (x) the 

measured emission projection data; (H) a reprojection of the previous emission map; and, 

ffi) areprrjection of the attenuation map. More specifically, with each iteration, the seoond 

data processor 170 samples the emission memory 112, the first projector ISO, and the 

second projector 152. Based upon the data collected, the second data processor 170 

recalculates the emission map and reloads the updated emission map back into the image 

memory 140. Again, a detailed account of file second data processor's operation is gives 

below m more mathematical terms. 
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[0025] 

Upon completion of the finil iteration, m video processor 300 extract! or otherwise receives 

data from the image memory 140 wHch represents a reconstruction of the radionuclide 

distribution within the region of interest The video processor 300 then formats h into 

image representations of the subject for viewing on a human-viewable display, such as a 

video monitor 310 or other appropriate rendering device. 

[0026] 

In more mathematical terms, the operation of the image processor 100 is as follows. I1M 

iterative ML»EMrecc^ It has 

a robustness in reconstruction that is difEcukibr ether rccon^ 

based on the solution of linear systems. An important feature of the ML-£M algorithm is 

that given certain mild restrictions appropriate for nuclear medicine emission imaging; it 

is applicable to any linear system of equations, whether h be over- or under-determined, 

consistent or inconsistent. In any event, after a cumber of iteration, the ML-EM algorithm 

converges to a solution that is the most likely or the most probable, given the original data. 

[0027] 

One of the appealing qualities of this iterative algorithm is that a general probability model 

of detection is used. The underlying radionuclide distribution is continuous, but thie signal 

or projection is detected at a discrete number of bins, or sampling locations. ID what 

follows, Fj represents the total detected photons in the i* detector location (La, the 

measured emission projection data). There sreM detector locations. Alio, the radionuclide 

distribution is represented as a discrete collection of basis functions. The basis function for 

the emission distribution is the voxel Fk represent the average of the continuous 

ladionucfide distribution over the k* image voxel There are K image voxels. The transfer 

matrix coefficient    (Le., the projection model) is the probability that a photon emitted in 
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voxel k per unit time is detected in detector location i. As each measurement can be noisy, 

the noise associated with each measurement is denoted by i*. Generally however, enough 

U known about the imaging system to be able to accurately model the statistical properties 

of the noise. Hence, the total photon count at the i* detector location is the sum of all 

voxels contributing to that, detector icea£oi3. This is mathematically expressed as: 

X 

where At, is the imaging time for thei* projection. 

[0028] 

This linear system of equations is then die basic imaging model Denoting fj** (Le., the 

k* voxel of the emission map) as the estimate of the activity Fk in voxel k on the h* 

taxation of the MT^^reeonsto 

by: 

With this mediod scatter, resolution, snd attenuation can be incorporated into the model m^ 

However, the inclusion of attenuation and scatter In the transfer matrix employs a priori 

knowledge of the attenuation map. 
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[0029] 

Sonrcelei* Reconstruction for PET Embodiment 

The lack of <n attenuation map far emission imaging a this ease leads to a new formulation 

that now includes the unknown attenuation map. The forward problem is now stated as: 

where u, is the fineer attenuation coefficient of the j* pixel of the attenuation map, and c, 

ia the effective attenuation length of Uj. The let of pixels NM is given by. N„ » {pixel j | 

m, * 0, for source-detector pair Geometrically, the set N Mis the set of pixels 

intersecting and covering the line of response i that contains the source pixel k. The 

estimate (fk,u^of the unknowns (Fk. Pj)" given by: 

- u*u _ f (*i   » —   
Pimki 

(4) , 

fhr the emission map which is updated via the second data processor 170; and 

for the attenuation map which is updated via the first data processor 160. That is to say, in 

this embodiment (Le.. sourcetess reconstruction with PET data), the second data processor 
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170 and the first data processor 160 carry out the former tad later computations from 

equations (4) and (5), respectively. 

[0030] 

Source!ess Reconstruction for SPECT Embodiment 

For SPECT, m similar set of algorithms is developed. The forward problem in this case Is 

again: 

However, for SPBCT, the set NM is defined differently as illustrated in FIGURE 8. The act 

projection bin I This leads to a variation of the algorithm. In this embodiment, the 

emission update is given by; 

• • • • <«). 

N„ is tto act of fbcOs that cow the itteauttian lias integral fiom the •ourco pixel k to the 

and, the transmission image update is given by: 
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As before, in this embodiment (Le^ aourceless reconstruction with SPECT data, the second 

data processor 170 and the first data processor 16*0 cany out the former and later 

computations from equations (7) and (8), respectively. 

[0031] 

Source-Assisted Reconstruction for PET Embodiment 

Source-assisted reconstruction utilizes the measured transmission data, represented by Tv 

and blank scan, represented by E^ to stabilize the sourceiess reconstruction. It 

accomplishes this by incorporating the transmission scan as a priori information in the 

likelihood probability Amotion^ The result is a different update fbr the transmission map 

only. For PET, the transmtwioo update is now given by; 

    (9}, 

inwhich Atjis the scan time per projection for the emission data, and A* is a normalization 

constant that reflects the ratio of the emission scan-time to the transmission scan time. The 

coefficients £yjt measure the contribution of the j* voxel of the attenuation map to than* 

transmission measurement and are not always the same as the coefficients defined above. 

They depend on the particular embodiment of the scanner employed. 
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10032] 

Source-Asiisied Reconstruction for SPECT Embodiment 

The up date rulo for the emission map in scurce-assisted SPBCT is the same AS the up date 

rule for sourceless SPECT. Only die transmission map update rule is changed to the 

following: 

Optionally, the operationa of the first and second data processor* 1*0 and 170, as well as 

the other components, are implemented as hardware, software, or combinations of hardware 

and software configurations. 

[0033] 
[Advantages of the Invention] 

One advantage of the embodiments described above of source-assisted attenuation * 

correction for emission computed tomography, is improved attenuation maps for ML-EM 

reconstruction. Another advantage is reduced patient exposure to radiation via sourceless 

ML-EM reconstruction. Yet another advantage is rnulti-dxmensional projection modelling 

which more accurately approximates actual conditions. Another advantage is that there is 

less likelihood of noise being introduced into the final reconstruction via the attenuation 

map. A further advantage is that accurate reconstruction is possible oven with truncated 

transmission data. 
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[0034] 

[Brief Description of the Drawings] 

[FIG. 1] is t flow diagram Illustrating the operation of a typical ML-EM reconstruction 

method in accordance with prior art techniques; 

[FIG. 2] is a flow diagram illustrating the operation of a typical ML-EM reconstruction 

method employing a priori information in accordance with prior art techniques; 

[FIG. 3] is a flow diagram illustrating the operation of a typical ML-EM reconstruct^ 

method employing an artificially generated attenuation map in accordance with prior art 

techniques; 

[FIG. 4] is a flow diagram illustrating the operation of a typical ML-EM reconstruction 

method employing an attenuation map derived from measured transmission projection data 

in accordance with prior art techniques; 

[FIG. 6] is a flow diagram illustrating sourceless ML-EM reconstruction in accordance 

with aspects of the present invention; 

[FIG. 6]) is a flow diagram illustrating source-assisted ML-EM reconstruction in 

accordance with aspects of the present invention; 

[FIG. 7] is a diagrammatic illustration of a diagnostic nuclear imaging apparatus 

emric^g an image prccesra 

aspects of the present invention; and 

[FIG. 8]  is a graphical flhutratian showing the set of pixels employed in the 

reconstruction of SPBCT data in accordance with aspects of the present invention. 
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FIG. 8 
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[Document Namp] ABSTRACT 
[Abstract] 
[Problems] 

There is provided a new technique for providing attenuation correction in 
emission computed tomography. 
[Solving Means] 

A method of ML-EM image reconstruction is provided for use in connection with a 

diagnostic imaging apparatus (10) that generates projection data, The method includes 

collecting projection data, including measured emission projection data, An initial emission 

map and attenuation map are assumed. The emission map and the attenuation map are 

iterativdy updated. With each iteration, the emission map is recalculated by taking a 

previous emission map and adjusting it based upon: 0 the measured emission projection 

data; 00 a "projection of the previous emission map which is carried out with a multi- 

dimensional projection model; and, (Hi) a projection of the attenuation map. As well, 

with each iteration, the attenustion map is xecslnifirfM by taking a previous attenuation map 

and adjusting it based upon: ® the measured emission projection data; and. (H) a 

repiojection of the previous emission map which is carried out with the rmilti-dimcnsional 

projection modeL In a preferred embodiment, with source-assisted reconstruction, the 

recalculation of the attenuation map is additionally based upon: (Hi) measured transmission 

projection data; and <jv) a reference or blank data set of measured transmission projection 

data taken without the subject present in the imaging apparatus (10). 

[Selected Drawing]    FIG. 7 
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